Abstract: Background: Mother-to-child transmission of HIV-1 occurs in a minority of HIVinfected mother-infant pairs, even without any interventions. The mechanisms that protect the majority of HIV-exposed infants from infection are unclear. T regulatory cells (Treg) have important immunomodulatory functions, but their role in the fetus as well as in mother-to-child transmission of HIV is under-studied.
INTRODUCTION
Regulatory T cells (Treg) suppress the activation and proliferation of other T lymphocytes and are important in regulating the avoidance of autoimmune diseases, but also in modulating the course of infectious diseases [1] [2] [3] . There are conflicting data in the literature regarding the role of Treg in HIV infection [4] . In a study of adult patients with acute primary HIV infection, the frequency of Treg was lower than that in patients with chronic infection which decreased over *Address correspondence to this author at the Department of Pediatrics, Emory University School of Medicine, Atlanta GA, USA; Tel: (404) 609-9807; E-mail: peter.kessler@student.lovett.org time in untreated patients [5] . On the other hand, in chronically HIV-exposed individuals who remain uninfected, the proportion of Treg was found to be elevated, concurrent with low levels of immune activation [6] . Very few studies have investigated the role of Treg in pediatric HIV infection [7] , despite the fact that Treg levels are highest in neonates and decrease with age [8] . In a study of Treg in cord blood, high levels of Treg and low levels of CD4+ and CD8+ T cell activation were found in the exposed uninfected neonates [9] . Treg may thus play a role in preventing, in utero, vertical transmission of HIV. We set out to examine this question, as well as to study Treg dynamics during the infants' first year of life, among a cohort of infants born to HIV-infected mothers in the context of a randomized clinical trial in Lilongwe, Malawi.
METHODS

Study Design
All infants were enrolled in the BAN (Breastfeeding, Antiretrovirals, and Nutrition) randomized, controlled clinical trial, which has been described in other studies as well [10, 11] . Briefly, pregnant women living with HIV infection who had CD4+ T cell counts > 250 cells/µL (> 200 cells/µL before 24 July 2006; the change was made to concur with Malawi Ministry of Health guidelines for treatment under these CD4+ count thresholds) were enrolled and followed in Lilongwe, Malawi, from April 2004 to January 2010.
Mother-infant pairs were randomized within one week of birth to a maternal nutritional intervention and to an antiretroviral intervention that consisted of a triple-drug antiretroviral regimen for mothers (n = 849), daily nevirapine for infants (n = 852), or neither (control arm, n = 668). Irrespective of the study arm, all mothers when in labor and their newborns received a single dose of nevirapine and a 7-day course of zidovudine and lamivudine. The interventions began after delivery and were continued until breastfeeding cessation or for 28 weeks postnatal, whichever was first. Infants who were diagnosed with HIV-infection in the first 2 weeks of life were disenrolled from the study and referred for medical care. All mothers were counseled to breastfeed exclusively for the first 24 weeks of life, followed by a 4-week weaning period. Infants were tested for HIV infection at birth and at 2, 12, 28, and 48 weeks of age; if infected, they were referred for care.
All women provided written informed consent to participate in the study. The study protocol was approved by the Malawi National Health Science Research Committee and by Institutional Review Boards at the University of North Carolina and the Centers for Disease Control and Prevention.
Patient Samples
Infants were selected for the current analysis on the basis of the availability of serial samples of stored Peripheral Blood Mononuclear Cells (PBMC), and followed the same sampling strategy as that of a previous BAN substudy [5] . Serial samples from infants at birth, 12, 24, 36 and 48 weeks of age were desired for this analysis. The analysis included the 39 infants (19 males and 20 females) from the control arm who remained HIV uninfected till the end of the study and had available samples at 4 (n = 18) or 5 (n = 21) of the pre-specified timepoints as mentioned. In addition, 25 (17 males and 8 females) of the 93 BAN study infants who became HIV infected after 2 weeks of age (defined in this study as infected during breastfeeding) and had PBMC specimens from at least 2 of the pre-specified timepoints before infection and 1-time point after infection were included; these infants were from all BAN study arms. For time points before HIV infection was detected, these infants were considered HIV uninfected for the analyses. The study also included a random sample of 30 infants (14 males and 16 females) who were HIV-infected perinatally (positive HIV DNA PCR test result within the first 2 weeks of life) and had available PBMC at delivery. Twenty-six of the 30 perinatally-infected infants were diagnosed with HIV infection in the first 2 days of life and were thus considered to have acquired HIV in utero. As infants who were HIVinfected within the first two weeks of life were not followed in the BAN study [10] , these infants had samples only at the time of birth.
Flow Cytometry
Lymphocyte immunophenotyping was performed by quickly thawing cryopreserved peripheral blood mononuclear cells (PBMCs), washing them twice with complete medium (RPMI 1640 containing 10% fetal bovine serum, penicillin/streptomycin, and L-glutamine), and resuspending them at 5 x 10 6 /mL in FACS buffer (phosphate-buffered saline containing 2% bovine serum albumin and 0.1% NaN 3 ). An amount of 100 µL was stained with live/dead marker (Invitrogen, Carlsbad, CA) followed by surface markers at room temperature for 20 min and washed with FACS buffer. The Foxp3 tubes were fixed with 1X Fix/perm buffer (Biolegend, San Diego, CA) for 30 min at room temperature and then were washed with 1X perm buffer before staining for 30min with mAb to Foxp3. Cells were then washed with FACS buffer and finally re-suspended in 1% paraformaldehyde in PBS. Samples were acquired on LSR-II (BD Biosciences) and analyzed using FlowJo software (Tree Star, San Carlos, CA.) The panel of markers included T lymphocyte markers (CD3, CD4, and CD8), activation markers (CD38 and HLA-DR, CD25) and regulatory T cell markers Foxp3 (Forkhead box protein 3). Lymphocytes were gated on live cells. The complete staining panel of fluorochrome combinations used in the lymphocyte gate was: CD3/ CD4/CD8, CD4/HLA-DR/CD3/CD38, CD3/CD8/HLA-DR/ CD38, CD3/CD4/CD25/Foxp3. The monoclonal antibodies are commercially available and directly conjugated with fluorescein isothiocyanate (FITC), PerCP (peridinin-chlorophyll-protein), phycoerythrin (PE), or allophycocyanin (APC) (BD Biosciences). Appropriate isotypic controls (Mouse IgG1-PE and mouse IgG2b-APC) were used to evaluate non-specific staining. All monoclonal antibodies were obtained from BD Biosciences (San Jose, CA), except Foxp3 (Biolegend, San Diego, CA).
Statistical Analysis
Results are reported as median values and distributions (interquartile ranges, IQR). Statistical comparisons between HIV-infected and uninfected infants were performed with student's t-test and with Wilcoxon Rank-Sum tests or exact Wilcoxon test. Spearman correlations (r and P values) were calculated to determine the relationships between the proportion of Treg cells with that of activated CD4+ and CD8+ T cells.
RESULTS
Lymphocyte Activation Levels in HIV-infected and HIV-exposed but Uninfected Infants
Not all infant samples yielded enough viable cells for immunophenotyping after thawing; this was particularly a limitation for analysis of the Foxp3 marker. Among CD4+ and CD8+ T cells, the expression of activation markers increased rapidly after birth, peaking at week 6 ( Table 1 , Fig.  1A, 1B) , more pronounced on CD8+ T cells; a further increase in activation was observed at the time of weaning from breastfeeding at 6 months of age. Infants who were HIV-infected at birth had significantly higher levels of activated CD4+ T lymphocytes (HLADR+ CD38+), compared with HIV-exposed uninfected infants at all time points studied; however, this difference reached statistical significance in our small sample at birth and 24 weeks of age ( Table 1) . Infants HIV-infected at birth had also significantly higher levels of activated CD8+ T lymphocytes (HLADR+ CD38+), compared to HIV-exposed but uninfected infants, at all time points followed, and this difference reached statistical significance at birth, 6, 12, 24 and 48 weeks of age ( Table 1) .
Regulatory T Lymphocyte Levels in HIV-infected and HIV-exposed but Uninfected Infants
At the time of birth, HIV-exposed uninfected infants had higher levels of Treg, compared to infants infected in utero, even though this did not reach statistical significance (Fig.  2C , P = 0.08). The frequency of Treg was stable over the first 6 weeks of life (median, 0.5% of CD4+ T cells), slightly decreased between 6 weeks and 6 months (median at 6 months, 0.3%) and then slightly increased between 6 months (time of weaning) and 12 months of age (median, 0.45%) (Table 1, Fig. 1C ). There was a modest negative correlation of Treg with CD8 T cell activation (Spearman R=-0.28) (Fig.  3) .
DISCUSSION
Among our population of HIV-exposed infants in Malawi, the expression of lymphocyte activation markers increased rapidly after birth, peaking at week 6 of life, and was more pronounced on CD8+ T cells; a further increase in activation was observed at the time of weaning from breastfeeding at 6 months of age. As a reminder, infants in our study weaned from breastfeeding at around 6 months of age and were introduced to other foods, which, along with increasing mobility and exposure of the infant to the environment, may induce immune activation at that age through increased exposure to many new environmental stimuli [11] . As expected, HIV-infected infants had higher levels of immune activation, compared with those uninfected, and this was more noted among CD8+ T lymphocytes. Other studies have also demonstrated that infants with HIV infection have higher levels of T lymphocyte activation compared to their uninfected counterparts [12] [13] [14] . However, HIV-exposed uninfected infants also have high levels of immune activation [12] [13] [14] [15] and this was evidenced in our study as well. The expression of activation markers on CD4+ and CD8+ T cells increases rapidly from birth in the first few weeks of life in the HIV-exposed infants [16, 17] . Such high immune activation has been hypothesized to contribute to ongoing inflammation and poor health outcomes of such infants [18] , possibly mediated through intestinal mucosal damage [11, 17] Our finding of higher Treg levels in HIV-exposed uninfected neonates is in agreement with that by Legrand et al. [9] , who hypothesized that in utero Treg cells may be contributing to lack of HIV transmission by decreasing T cell activation. Treg cells are highest early in gestation and decrease with gestational age in the fetus [8] . Indeed, regulatory T cells (Tregs) suppress T cell activation and HIV-1 replication [19, 20] . In early infection, Treg help may help the establishment of viral infection by suppressing the anti-HIV response, whereas in chronic infection, Treg suppress hyperimmune activation, and the anti-HIV response, which may favor HIV reservoir persistence [19, 21] . However, before the active establishment of infection, Treg may play a role in the prevention of the infection by the same mechanism, particularly in the fetus/infant when their number is highest [9] . This is a critical question, as deciphering very early events that can determine whether an infection is established or not is important in devising appropriate therapies that can prevent a chronic infection from taking hold.
We observed a negative correlation of Treg with lymphocyte activation in infants in our study. This is consistent with what is known about the functional role of Treg and has been demonstrated also in another study [20] . Even though our study is limited by its small sample size, which limits its statistical power, serial blood samples from neonates exposed in utero to HIV are difficult to obtain, particularly in the setting of lack of exposure to antiretroviral therapy antenatally. One other study that was able to obtain serial samples from the infants has shown relative preservation of Treg among HIV-infected infants, compared to conventional CD4+ T cells [7] .
CONCLUSION
In conclusion, our findings concur with those of one previous study [9] and indicate that Treg cell activity might partially determine the vulnerability of infants to HIV or other chronic viral infections in utero. These results may have important implications for understanding maternal and fetal immunity against HIV during pregnancy, as well as for the development of neonatal vaccines and other immune-based approaches to prevent mother to child transmission of HIV or other chronic viral infections, and establishment of infection at critical known points of introduction more generally.
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